Multifunctional hybrid polymer composites were projected as novel solutions to meet the demands in various industrial applications ranging from automotive to aerospace. This investigation focuses on processing, flexural strength and fracture toughness characterization of the glass fabric reinforced epoxy (G-E) composites and graphite/fly ash cenosphere (FAC) modified interface between the epoxy matrix and glass fabric. Hand lay-up followed by compression moulding method was used to fabricate the laminates. Flexural and fracture toughness tests at room temperature, elevated temperature and cryogenic temperature were conducted to assess the flexural strength (FS) and mode-I plane-strain fracture toughness (K IC ). The experimental and characterization efforts suggest that both graphite and FAC fillers improve bonding at the interface. The study showed that the graphite is more favorable for enhancing FS and K IC of G-E composites. Graphite filled G-E hybrid composites with significant FS and K IC to that of unfilled and FA filled G-E were successfully achieved by incorporating 10 wt% graphite. The incorporation of fillers resulted in improvement of FS, which increased by 43% and 37.7% for 10Gr+G-E and 10FAC+G-E hybrid composites respectively. All composites show a 26% improvement in K IC at cryogenic temperature and a decrease of 12.5% at elevated temperature. According to the SEM observations, fiber debonding from the matrix is suppressed due to the presence and uniform distribution of graphite. In addition, micro-pores, matrix shearing, active toughening mechanisms induced by graphite, such as crack deflection, layer breakage and delamination of graphite layers contributed to the enhanced K IC of hybrid G-E composites. 
Temperature Effect, Fractography
Introduction
Fiber reinforced polymer composites (FRPCs) are finding wide applications in primary structures of aircrafts, space crafts, ocean vehicles, automotive components as well as other cladding applications. These applications sometimes face a wide range of environmental exposure like low temperature, acidic water, high temperature, organic fuel, water, saline water, etc. [1] . Thus the understanding of fracture behavior and prediction of fracture toughness of FRPCs under different environmental exposure have assumed greater importance. The determination of stress intensity factor has become mandatory for structural applications. Previous research works have focused on the effect of higher temperature on fracture toughness of glass/carbon fibers reinforced epoxy composites.
No study has been reported to determine the low temperature response of FRPCs with functional fillers. In this context, it is very important to understand the complete fracture behavior of FRPCs with fillers at cryogenic, room and high temperatures before used for end applications. In recent years, successful applications of advanced polymer matrix composites in structural components of aircraft have stimulated significant interest in the effects of environmental temperature on delamination behavior. The environmental temperature considerably affects the fracture toughness in thermo set matrix composites. There is a growing demand for FRPCs in lightweight primary structures as well. The strength and toughness of the fiber reinforced epoxy composite depends on the type, shape, aspect-ratio and surface modification of fiber [2] . Fiber/filler inclusion into polymer increases the fracture toughness [3] . A number of researchers carried out experiments to improve the fracture toughness of neat epoxy by the addition of organic and inorganic fillers viz., silica, sand particles, wood flake, and graphite [4] [5] [6] [7] . Srivastava et al. [8] studied the fracture behaviour of epoxy resin filled with FAC particles. They concluded that the modulus of elasticity, fracture surface energy and fracture toughness of epoxy resin can be improved by filling FAC. Shao et al. [9] indicated that the composite strength and fracture toughness are strongly dependent on the particle size, particle/matrix adhesion and particle loading. Past research works have also showed that by reinforcing different fibers like glass, carbon and aramid, the fracture toughness of epoxy matrix can be enhanced [10] [11] [12] [13] . In an attempt to enhance the fracture toughness of thermoset polymer composites, the simple approach is to add a lower Tg compound, such as rubber, soft thermoplastic polymer, diluents into the epoxy matrix [14] . By varying the proportions of hardener and resin and postcuring temperature on epoxy, Mostovoy and Ripling [15] found that the toughness of the epoxy either in bulk or bond form varied by a factor of approximately five. The environmental effects on thermoset polymer composite properties were also discussed in the literature [16] [17] [18] [19] . Nishijima et al. [16] reported that epoxy resins could have higher fracture toughness at the cryogenic temperature as compared to room temperature. Sung et al. [17] studied the fracture toughness and failure mechanisms of epoxy resin composites filled with silica particles, in the temperature range −50˚C to 80˚C. They concluded the significant effects of temperature and loading rate on fracture toughness, which showed a peak value at ambient temperature and decreases with increase in temperature. Yang et al. [18] have studied the fracture toughness of epoxy resin at cryogenic temperature by addition of carboxylic-nitrile-butadiene (CTBN) nano-rubber. The results showed that fracture toughness was higher at cryogenic temperature than that of room temperature. Masaya et al. [19] have investigated interlaminar fracture characterization of woven glass/epoxy composites at cryogenic temperature and concluded that the fracture toughness at cryogenic temperature seems to be higher than that at room temperature. Bang et al. [20] found that the thick adhesive joint had a reduced bonding strength at the cryogenic temperature, but the glass fiber reinforcement improved much the bonding strength and fracture toughness for thicker adhesive at the cryogenic temperature.
The effects of increasing temperature on fracture toughness of polymeric composites were also investigated by few researchers. Soon et al. [21] studied the temperature dependence of fracture toughness of silica/ epoxy composites at temperature range from −148˚C to 252˚C. They found deterioration of fracture toughness with increase in temperature. Magid et al. [22] studied the combined effects of load, moisture and temperature on the properties of E-glass/epoxy composites. For a short duration and submerged in distilled water the material exhibited an increase in strength, decrease in modulus, and increase in strain to failure. When the temperature was raised to 65˚C and for longer duration, the strength was decreased by 18% and the modulus by 28%.
From the cited literature, it can be concluded that addition of micro/nanofillers and inclusion of fibers like glass and carbon into epoxy enhanced the fracture toughness at room temperature. However, at elevated temperature, almost all the researchers have found decrease in fracture toughness because of ductile behavior of the composite materials. At cryogenic temperature the fracture toughness was found to increase because of the increase in bonding strength. Mechanical properties glass fiber reinforced epoxy and their hybrid composites in terms of tensile, flexure and impact strength of have been widely studied in the past. However, to the best of author's knowledge, studies on flexural strength and fracture toughness of graphite/FAC filled glass fabric reinforced epoxy composites are not available in the literature. Hence, in this experimental work, the aim of our characterization is to develop micron-sized graphite and FAC particles in E-glass fabric reinforced epoxy (G-E) and fabricate novel hybrid epoxy composites with multi-phase and uniformly distributed. The incorporation of rigid FAC and lubricating graphite are supposed to further enhance the fracture toughness of G-E composite. Influences of graphite and FAC filler loadings on the flexural strength of G-E composites were evaluated under cryogenic, room and at high temperatures and discussed in detail. Further, the tests were also conducted to study the effect of these fillers on plane-strain fracture toughness of G-E hybrid epoxy composites under cryogenic, room and at high temperatures. The fracture and toughening mechanisms were also investigated by observing how the crack front interacts with the graphite and FAC in the hybrid epoxy composites through scanning electron microscopy (SEM). The experimental results showed that the flexural strength and fracture toughness of G-E composite with graphite/FAC fillers were superior to unfilled G-E composites and the optimum data were found in 10Gr+G-E hybrid composites. The difference in the effect of the type and filler loading is discussed with reference to fractographic observation results derived from SEM.
Experimental Work

Raw Materials
Raw materials used in this study include, epoxy resin and E-glass woven roving bidirectional fabric made by interweaving direct roving in plain weave pattern (360 gsm).
Graphite is an inorganic material that has the potential to be used as lubricating filler in various polymer matrices and exist in several crystalline phases which all revert to the most stable hexagonal alpha phase at elevated temperatures. This phase is of particular interest for bearing and electrical insulator applications. The graphite powder selected for the present work has an average particle size in the range of 40 -60 µm and with 82% purity. Fly ash (FA), a finely divided powder generated in huge quantities during power generation in coal based power plants. It 
Preparation of Graphite and Fly Ash Cenosphere by Silane Treatment
For the preparation of silane treated graphite, it was carried out in absolute ethanol mixture. Firstly, 43 g graphite was added into 43 mL ethanol and vigorously stirred by a with the above mixture at 60˚C, and the reaction was processed for 2 h under stirring.
The treated graphite was then dried at 100˚C in an oven for about 3 h to allow complete evaporation of the ethanol. Similar procedure was followed to fly ash cenosphere particles for silane treatment.
Manufacturing of Laminates
All the composites were prepared by hand layup technique followed by compression moulding method. First, the graphite/FA filler particles were dried in an oven at 80˚C
for 24 h. The epoxy resin was preheated in the same way, to lower the viscosity and to enable a better wetting of the filler particles. After incorporating the required amount of silane treated filler particles (graphite/FA) into the epoxy resin, the mixture was then vibrated for 30 min by placing it into ultrasound vibrator. The hardener (85 wt%), and accelerator (2 wt% each) were added to the filler-resin mix and vibrated the mixture for 10 min. Eight/thirty two layers of glass fabrics (55 ± 1 by weight) were used to obtain 3/10 mm thick laminates. The glass-epoxy composite was prepared by hand lay-up procedure followed by compression moulding.The stacking procedure consists of placing the fabric one above the other with the resin mix well spread between the fabrics. A porous Teflon film is placed on the completed stack. To ensure uniform thickness of the sample a spacer of size 10/3 mm was used. The mould plates have a release agent smeared on them. The whole assembly is pressed in a hydraulic press (0.5 MPa) and allowed to cure for 24 h. The laminate so prepared has a size 300 mm × 300 mm × 10/3 mm. To prepare the laminates of particulate filled (G-E) composites, selected fillers (graphite and FA; average particle size: 25 μm) are mixed using high shear mixer for uniform dispersion in the known quantity of epoxy resin. Table 2 summarizes the details of the composites fabricated and investigated in this work.
Three-Point Bend Test
The flexural strength of the developed G-E and their hybrid composites were determined by placing the samples under flexural loading using a three-point loading fixture. The flexural tests were performed on universal testing machine (UTM, Make:
Kalpak-100 kN) in accordance to ASTM D790-10. A 10 kN load cell was used and load 
where P = rupture load in N, L = effective span in mm, b = width of specimen in mm, and t = thickness of specimen in mm.
Fracture Toughness Testing
Mode-I fracture toughness (K IC ) testing of single edge notch bend (SENB) specimens was carried out on a universal testing machine (Make: Kalpak, Pune, 100 kN) according to ASTM D 5045-99. An initial pre-crack which is critical to fracture toughness testing, was introduced to each SENB sample by a razor blade-tapping method [23] . The specimen was loaded in a standard three-point bend fixture of as shown in Figure 1 at room temperature testing. The tests were conducted on monotonic loading and applied at a constant displacement rate of 10 mm/min, and a minimum of four specimens were tested for each composite specimen. The mode-I stress intensity factor (K IC ) at the Figure 3 shows the cryogenic chamber used for testing of SENB specimen in the cryo-environment. The chamber is connected to liquid nitrogen through rubber tube from the tank of 50 ltr capacity. To set the chamber temperature at −30˚C, liquid nitrogen is constantly supplied to the chamber to compensate for the liquid nitrogen lost due to boiling. The specimen was kept in a chamber to attain the required temperature before conducting the test.
Results and Discussion
Effect of Type and Filler Loading on Flexural Strength
It is well known that the type of fiber and filler content are mainly responsible for im- 
Flexural Strength of Hybrid Composites at an Elevated Temperature
The flexural strength of G-E and their composites at elevated temperature (ET) are shown in Figure 4 (a) and Figure 4 (b). The figure clearly indicates that for all composites, the flexural strength decreases considerably at an elevated temperature of 100˚C.
The strength loss computed in the unfilled G-E specimens is, again, higher than the loss reported for graphite and FAC filled G-E hybrid composites. At elevated temperature, G-E with 10 wt% graphite 10Gr-G-E has the highest flexural strength (368 MPa), followed by 10FAC-G-E composite (363 MPa). The incorporation of graphite and FAC fillers resulted in decrease of the flexural strength, which decreased by 23% and 21% for 10Gr+G-E and 10FAC+G-E hybrid composites. The effect of ET testing of epoxy polymer mortar composites was reported by Joao et al. [25] . They pointed out that the increasing the test temperature, significantly decreased the flexural strength of epoxy polymer mortar composites. In the present work, upon increasing the test temperature to (100˚C), the brittle performance is reported and remarkable decrease in the flexural strength is observed. Furthermore, for unfilled G-E specimens become more brittle at 100˚C and a higher loss in flexural strength of about 33% was found. Particulate filled hybrid composite Specimens tested at (100˚C) show a marginal loss in the strength as shown in Figure 4 and for these hybrid composite specimens, the loss of load bearing capacity decreased at ET. This behaviour is associated with a progressive loss of composite material stiffness, turning the brittle characteristics of the epoxy composites into ductility. The change in the particulate filled G-E behaviour is related to the heat distortion temperature (HDT) values of the epoxy resin used as matrix material.
Flexural Strength of Hybrid Composites at Cryogenic Temperature
The flexural strength of G-E and their composites at cryogenic temperature (CT) are shown in Figure 4 (a) and Figure 4 (b). Flexural strength shows a higher value at cryogenic temperature that at room temperature or elevated temperature for all composite samples. In cryogenic temperature epoxy resins are generally brittle and hard and more bonding between the fillers and matrix therefore load bearing capacity is increased at this environment. The specimens observed at this environment have more stress than the strain, higher flexural strength at cryogenic environment using various modifiers such graphite and FAC fillers. At cryogenic temperature 4% of flexural strength was improved in G-E composites and 5% increase for graphite filled G-E composites and 4% increase in case of FAC filled G-E composites. Similar observations are also found in 10 wt% filled G-E hybrid composites. Gong et al. [26] and Kim et al. [27] have reported that the flexural strength and modulus for a UD glass-epoxy composite increased at cryogenic temperature. As a result, it was speculated that the brittleness of the fibers had a major influence on the strength increase of composites at low temperature. The flexural strength data shown in Figure 4 (a) and Figure 4 (b) clearly depicts that 10Gr+G-E has the highest flexural strength (502 MPa), followed by 10FAC+G-E composite (485 MPa) at CT.
Effect of Type and Filler Loading on Fracture Toughness
The toughness or resistance to crack growth of a material is governed by the energy absorbed as the crack extend. For a brittle material, the energy is primarily just that of 
Fracture Toughness of Hybrid Composites at Room Temperature
The load-displacement curves for particulate filled G-E hybrid composites are shown in Figure 5 . It is seen that the load-displacement curves are initially linear, which becomes progressively non-linear and drops rapidly with increase in displacement. Further, at room temperature the highest and lowest peak load were found at 10 wt% graphite filled and unfilled G-E composites respectively. The load bearing capacity for unfilled G-E sample is decreased because of crack was developed in the specimen and no further load is required and material becomes ductile i.e. the load-deflection curve was nonlinear after brittle failure.
The fracture toughness (K IC ) at room temperature for unfilled and particulate filled G-E hybrid composites is presented in Figure 6 . In general, the degree of translation of matrix toughness into fracture toughness of composite depends on the matrix toughness. In the present work, the epoxy is a tougher matrix (0.5 -3 MPa m 1/2 ) [30] and brittle and reinforced with E-glass fabric enhanced the K IC . Furthermore, with an increase in graphite filler concentration the K IC improved and the data generated in this study on G-E with FAC filled hybrid composites show similar relationship with lower fracture toughness values. Thus, in case of FAC filled G-E hybrid composites, the results suggest that resin fracture toughness is not fully transferred to the composite. In addition, there are several other toughening mechanisms that are present in the multiphase composite but are absent in two-phase composite. For example, in a three-phase composite, if the interfacial shear strength is stronger than the matrix strength, the crack will have a preference to go through the weaker resin rather than breaking the strong fibers and fillers. However, because of combination of fibers and fillers and very small thickness between the plies, there is no plane containing only resin n or the filler-resin mix. In such a situation the crack must always go around fibers creating a much larger fracture surface area. Moreover, the resistance to crack growth will be increased by the uneven fibers and poor distribution of FAC particles that may lie in the path of the advancing crack. All these mechanisms add to the composite K IC . It has been suggested that the contribution of each of these toughening mechanisms to the composite K IC will be highest for minimum possible thickness of the resin-rich region. Bhandakkar et al. [31] studied the interlaminar fracture toughness of glass-epoxy filled FAC laminates before and after exposure to aqueous fog using a salt fog chamber at 45˚C. They reported improvement in interlaminar fracture toughness of FAC filled glass-epoxy in unexposed and exposure to aqueous fog conditions.
Fracture Toughness of Hybrid Composites at Elevated Temperature
The load carrying capacity at an elevated temperature for all composite specimens has been decreased. The main problem associated with the polymers, arises from the viscoelastic properties of the polymer, which results in creep and high sensitivity to the temperature [32] . It is noticed that the specimen with 10 wt% graphite filler had the highest peak load. The specimen with 10 wt% FAC performs also better at an elevated temperature and the least being the specimen with unfilled G-E composite. The matrix behaviour has been changed due to prolong exposure to elevated temperature and has ablated a fraction of matrix from the specimen. In addition, under high temperature, the dissimilarity in the thermal coefficient behaviour of matrix and fiber causes different expansion and contraction characteristics, resulting in micro cracks, debonding and delamination at the interface region. Ashcroft et al. [33] have concluded that the temperature influenced the mode of fracture which progressed from stable, brittle fracture at low temperatures to slip-stick fracture at room temperature and finally to stable ductile behaviour at elevated temperatures.
The fracture toughness (K IC ) at elevated temperature for unfilled and particulate filled G-E hybrid composites is presented in Figure 7 . It has resulted in the lower value of K IC showed in all the composite specimens at elevated temperature than at the room temperature. This observation therefore, suggests a strong influence of environment on the K IC of G-E composites.
Fracture Toughness of Hybrid Composites at Cryogenic Temperature
The fracture toughness of polymers will generally be increased when temperature decreases from room temperature to cryogenic temperature. The brittleness of the polymers limits their applications in cryogenic environments. Hence, cryogenic fracture toughness is a very important parameter for polymer and their composites used in extremely low temperature environments. Some thermoset polymers (epoxy resins) are often modified using various modifiers. In the present work, we focused on the effect of two types of fillers viz., graphite and FAC on fracture toughness of G-E composites. The cryogenic K IC of graphite/FAC filled G-E hybrid composites is investigated as a function of filler loading. It was found that the fracture toughness enhancement obtained at cryogenic temperature. Kalarikkal et al. [34] have reported the effect of cryogenic temperature on K IC of graphite/epoxy composites the woven composite specimens showed the decreased in KIC. Composite specimens deteriorate significantly at cryogenic temperature because of development of thermal stress in the laminates and formation micro cracks in the laminates at low temperature, which leads to overall degradation of the material as well as embrittlement of the matrix.
The load carrying capacity of G-E and its hybrid composites at cryogenic temperature increases with increase in filler loading. The specimen with 10 wt% graphite filler had the highest peak load. The specimen with 5 wt% graphite performs remarkably better at cryogenic temperature as it shows characteristics as good as with 10 wt% FAC and the least being 5 wt% of FAC. Nishijima et al. [16] reported that epoxy resin could have higher K IC at the cryogenic temperature than at room temperature. Indeed, K IC of the epoxy composites at the cryogenic temperature was higher than at room temperature. Figure 8 shows that 5.7% fracture toughness increased in the G-E specimen, 13%
increased in the 10 wt% of graphite specimen and 10% increased in the 10 wt% FAC filled G-E composites at cryogenic temperature than at room temperature. The effect of moisture was reported by Marom et al. [35] the short-term effect of water is to increase the K IC , while in long run the toughness deteriorates. Shen et al. [36] [37] reported that laminates the ultimate tensile strength and elastic moduli decreased with increasing moisture content. The decreased might as 50% -90%. When moisture diffuses into composites, it degrades the fiber-matrix interfacial bonding. Srivastava et al. [38] studied the moisture effect on K IC of particles filled quasi-isotropic glass-fiber reinforced polyester resin composites. They concluded that K IC of composites increased with increase in moisture uptake. Choi and Shankar [39] have concluded that K IC does not change significantly at cryogenic temperatures, but the thermal stresses play a most important role in fracture and initiation of delaminations from transverse cracks. Strictly speaking, the fracture parameters should be independent of the testing geometry and sample dimensions. However, K IC is one of the mechanical characteristics that have more difficulty in its determination and analysis, as well as there are numerous factors like temperature, strain rate, sample dimensions and testing geometry involved. Figure 10 shows the fractured surface of 10 wt% graphite filled G-E hybrid composite. The fracture toughness of this composite was stronger than that of the unfilled G-E composite because some of stress was effectively transferred from the epoxy matrix to the reinforcements (fiber + filler). Further, it is revealed that the crack path is similar to that of unfilled G-E composite. Compared to the unfilled G-E, the fracture surface of the graphite filled G-E composites showed a much rougher fracture surface ( Figure   10 (a)). The very rough surface is due to the presence of graphite particles, which makes the fracture path circuitous. This confirms a higher K IC value for G-E composite with 10 wt% graphite compared to the unfilled G-E and FAC filled G-E composites. It was concluded that the inclusion of graphite into G-E composites has led to an increase in K IC .
Morphology Studies
The toughening mechanism in the graphite filled G-E composite may be attributed to the stress disturbance caused by the graphite particles. These graphite particles acted as obstacles, causing the crack to take a more circuitous part, manifesting a roundabout crack trajectory. Figure 11 shows the fractured surface of 10 wt% FAC filled G-E hybrid composite.
The fracture toughness of this composite was higher than that of the unfilled G-E compo-site because some of stress was transferred from the epoxy matrix to the reinforcements (fiber + filler). Further, it is revealed that the crack path is more or less similar to that of graphite filled G-E composite. It is also seen that the FAC filled G-E composite samples have a rougher surface than that of unfilled G-E specimen (Figure 11(a) ). From SEM micrograph shown in Figure 11 (b), it is evident that fibers have failed in tension. Further, the individual fiber fracture show radial patterns on the fiber ends, few FAC particles adhered to the fiber surface and good bonding between the fiber and epoxy matrix. The fracture surface observation coincides with the results of K IC of specimens.
This indicates that the addition of FAC particles into G-E composite creates an increased fracture surface due to crack deflection, which led to the enhancement of K IC .
Conclusions
In this paper, we prepared high performance graphite and FAC filled G-E hybrid composites with good flexural strength and fracture toughness. By liquid epoxy, hot curing, low viscosity (Huntsman Advanced Materials, USA), impregnating resin with reactive diluents ensured outstanding dispersity and good compatibility in the polymer matrix.
The hybrid composites showed a high reinforcing efficiency, which attributed to the high strength glass fiber and special two dimensional morphology of graphite and functionalized surface of FAC providing well dispersion and large contact area in matrix. G-E composites. In short, we endow with a promising approach to prepare graphite filled G-E hybrid composites with enhanced K IC .
